Introduction {#s1}
============

Among the core histones, the H2A family has the highest number of variants, including H2AX, H2AZ and macroH2A.[@R1] The macroH2A histone variants are conserved in vertebrates and are encoded by two genes: H2AFY for macroH2A1 and H2AFY2 for macroH2A2. Each of these macrohistone variants contain an N-terminal H2A-histone domain and a C-terminal Macro domain[@R2] [@R3] that is found in other non-histone proteins, for example, poly-ADP ribose polymerases (PARP-9, -14 and -15) and poly-ADP ribose glycohydrolase.[@R4] The Macro domain of mH2A1.1 binds to ADP ribose that is generated from NAD by enzymes such as the NAD-dependent histone deacetylase SIRT1.[@R4] The ligand for the Macro domain of macroH2A2 is presently unknown. The macroH2A histones are enriched on the inactivated X-chromosome but not required for the establishment of X-inactivation.[@R7] The macroH2A histones are also epigenetic and repressive markers of many developmental regulator genes in the male pluripotent cells.[@R10] MacroH2A variants have been shown to act cooperatively as a barrier to the reprogramming of somatic cells with macroH2A2 being the predominant inhibitor.[@R11] In mice, the combined knockout of macroH2A1 and macroH2A2 did not affect early development but affected the growth and the fertility of adult mice.[@R12] In embryonic stem (ES) cells, macroH2A-containing nucleosomes are found at promoters and in intergenic regions in ES cells.[@R13] The dynamic replacement of nucleosomes with macroH2A2 in ES cells was dampened, whereas the stable association of macroH2A2 nucleosomes with intergenic regions was expanded upon differentiation.[@R13] It was found that macroH2A2 is required for EPO-induced erythroid maturation.[@R14]

Previous studies have also suggested that macroH2A histones have tumour suppressor function.[@R15] [@R16] The Ladurner group was the first to report that the expression of macroH2A1 and macroH2A2 inversely correlated with proliferation in human breast and lung cancer. They also showed that the levels of macroH2A expression could be used as predictive biomarkers for lung cancer recurrence.[@R17] In a study of melanoma, the expression of macroH2A2 was found in the benign naevi and during radial growth, but lost in the vertical growth phase and in metastatic melanoma.[@R18] The expression of macroH2A histones at the protein level in other cancer types has not been investigated. Examination of The Cancer Genome Atlas (TCGA) database for H2AFY and H2AFY2 sequence, copy number and RNA levels showed alterations in only a small fraction of cases (\<10%) across TCGA cancer types. Analyses of the RNA levels found that significant reduction in H2AFY2, but not H2AFY, RNA expression (outliners) occurred in a small fraction of cases among several cancer types. Therefore, it appears that macroH2A2 was more likely to be reduced than macroH2A1 in human tumour samples. However, the TCGA network has not examined the expression of macroH2A histone proteins.

In this study, we investigated the expression of macroH2A2 protein in anal dysplasia and anal squamous cell carcinoma (SCC). In the USA, neoplasm of the anal squamous tissue has been increasing steadily in recent years, with estimated new cases and deaths of 7210 and 950, respectively, in 2014.[@R19] SCC is likely to progress from a continuum of precancerous lesions known as anal intraepithelial neoplasia (AIN). These precancerous AIN lesions are divided into three categories according to degrees of histological atypia.[@R20] In another classification, AIN I is known as low-grade anal squamous intraepithelial lesion, and AIN II and III are combined into the group of high-grade anal squamous intraepithelial lesion (HSIL).[@R20] [@R21] Infections with human papilloma virus (HPV) and HIV are important risk factors for anal SCC.[@R22] Their individual effect on the development of anal SCC is difficult to assess due to the prevalence of HPV and a higher risk of contracting HPV in patients who are HIV positive.[@R23] In this study, we examined the expression of macroH2A2 by immunohistochemistry staining of AIN and anal SCC samples in association with the status of HIV and HPV infections.

Materials and methods {#s2}
=====================

Patients and specimens {#s2a}
----------------------

Tissue samples including AIN and anal SCC were collected from the patients in UC San Diego Medical Center, California, between 2000 and 2008. Patients' clinical characteristics were also summarised. In patients with AIN, treatment included excision and ablation. Time to recurrence was calculated between onset and first recurrence after treatment. According to their clinical stage, patients with anal SCC received the treatments including local excision, concurrent chemoradiotherapy or abdominoperineal resection. The dose of radiotherapy typically ranged from 5040 to 5940 cGy in 28 fractions. The regimens of chemotherapy were 5-fluorouracil with mitomycin or cisplatin. Patients with anal SCC who were progressive after the day of tissue biopsy were excluded from recurrence evaluation. We evaluated the 5-year recurrence-free survival of AIN and 5-year disease-free survival of patients with anal SCC according to the interval of survival without AIN and anal SCC recurrence.

Immunohistochemistry {#s2b}
--------------------

The sections cut from the formalin-fixed and paraffin-embedded tissues were deparaffinised in xylene and dehydrated in ethanol. They were then incubated in the Decloaking chamber (DC2002; Biocare Medical, Concord, California, USA) containing 200 ml 1× Nuclear Decloaker solution (CB911M; Biocare Medical). Endogenous peroxidase activity was blocked by incubation with Peroxidazed 1 (PX968; Biocare Medical). Background Sniper (BS966; Biocare Medical) was added for 1 h to block non-specific protein binding. The slides were incubated overnight at 4°C with macroH2A2 antibody[@R17] and then processed using a MACH 4 Universal HRP-Polymer Kit (M4U534; Biocare Medical). Betazoid DAB (BDB2004; Biocare Medical) was used for chromogen development. The slides were counterstained with haematoxylin. The pathologist was responsible for reviewing the slides and unaware of patient\'s clinical data.

HIV and HPV detection {#s2c}
---------------------

The data of HIV infection of patients with AIN and anal SCC were collected according to the report of UC San Diego Medical Center. In anal SCC, DNA tissue was extracted, purified and amplified from the samples. The individual HPV genotyping was detected by microarray method. The details were mentioned in the reference.[@R24]

Statistical analysis {#s2d}
--------------------

Fisher\'s exact test was used to compare the difference of macroH2A2 loss fraction in AIN I, AIN II, AIN III and anal SCC samples. Kaplan--Meier curves of estimated time to recurrence and disease-free survival were generated and compared between the groups using a two-sided log-rank test. p Value \<0.05 was considered statistically significant. Statistical analysis was performed using Prism V.6 software and tools of *in silico* website.

Results {#s3}
=======

macroH2A2 expression in AIN and anal SCC {#s3a}
----------------------------------------

A total of 41 patient samples, AIN I (n=4), AIN II (n=7), AIN III (n=16) and anal SCC (n=14), were examined in this study. Representative immunohistochemistry staining for macroH2A2 expression of positive (P) and negative (N) samples is shown in [figure 1](#JCLINPATH2015203367F1){ref-type="fig"}A. We separated the samples into four groups, AIN I, AIN II, AIN III and anal SCC, and determined the fraction of samples that were negative (N) for macroH2A2 staining. As shown in [figure 1](#JCLINPATH2015203367F1){ref-type="fig"}B, macroH2A2 expression was found in 100% of AIN I and AIN II samples. However, macroH2A2 expression was lost in 38% of the AIN III and 71% of the anal SCC samples. These results show a statistically significant correlation between the loss of macroH2A2 expression and the progression of anal neoplasm from AIN I/II to AIN III and anal SCC (p=0.002). The clinical--pathological characteristics of the patients with AIN and anal SCC and the status of macroH2A2 expression in this study are also summarised in [table 1](#JCLINPATH2015203367TB1){ref-type="table"}.

###### 

Clinicopathological characteristic of patients with AIN and anal SCC

                         Numbers
  ---------------------- -------------
  AIN                    27
   Age (years)           
    Median (range)       44 (24--69)
   Gender                
    Male                 23
   Histology             
    I                    4
    II                   7
    III                  16
   Positive macroH2A2    21
   Recurrence (months)   
    4                    4
    12                   12
  Anal SCC               14
   Age (years)           
    Median (range)       49 (35--78)
   Gender                
    Male                 9
   Differentiation       
    Well                 3
    Moderate to poor     11
   Positive macroH2A2    4
   Stage                 
    I+II                 10
    III+IV               4
   Treatment             
    Local excision       5
    CCRT                 6
    APR                  2
   Recurrence            8

AIN, anal intraepithelial neoplasia; CCRT, concurrent chemoradiotherapy; APR, abdominoperineal resection; SCC, squamous cell carcinoma.

![Immunohistochemistry stain for macroH2A2. (A) Representative samples of positive (P) and negative (N) macroH2A2 stain of normal anal squamous epithelial, anal intraepithelial neoplasm (AIN) and anal squamous cell carcinoma (SCC). Positive stain of macroH2A2 was brown colour in nucleus (arrow) and negative stain was blue haematoxylin counterstain (arrowhead). Anal SCC invading into adjuvant normal tissue was noted in the samples. (B) Loss of macroH2A2 expression associated with progression of anal neoplasm (p=0.006, Freeman--Halton extension of Fisher\'s exact test). Scale bar: 100 μm.](jclinpath-2015-203367f01){#JCLINPATH2015203367F1}

macroH2A2 expression and recurrence of AIN and anal SCC {#s3b}
-------------------------------------------------------

In this study, we determined the recurrence of lesions in patients with AIN over a 5-year follow-up period and we performed a Kaplan--Meier analysis of the time to first recurrence as a function of macroH2A2 expression. As shown in [figure 2](#JCLINPATH2015203367F2){ref-type="fig"}A, the time to recurrence was significantly shorter in the macroH2A2-negative group than the macroH2A2-positive group (p=0.017). The relationship between disease-free survival of anal SCC patients and macroH2A2 expression is illustrated in [figure 2](#JCLINPATH2015203367F2){ref-type="fig"}B.

![Association of macroH2A2 loss with anal intraepithelial neoplasia (AIN) recurrence. (A) Kaplan--Meier plots of time to recurrence among patients with AIN categorised by the status of macroH2A2 protein expression at the time of diagnosis. Loss of macroH2A2 expression in AIN is significantly associated with earlier recurrence (p=0.017). (B) Kaplan--Meier plots of disease-free survival among patients with anal squamous cell carcinoma (SCC) categorised by the status of macroH2A2 protein expression. The loss of macroH2A2 expression is associated with reduced survival; however, due to limitation of sample size, this trend is not statistically significant.](jclinpath-2015-203367f02){#JCLINPATH2015203367F2}

Relationship of macroH2A2 loss with HPV and HIV infections {#s3c}
----------------------------------------------------------

With the anal SCC samples, we also determined the presence of HPV and HIV sequences in the genomic DNA and assessed the relationship between macroH2A2 expression and viral infections. Among the 14 SCC samples, 8 were positive for HPV (of genotypes 16, 18, 33 and 43) and 7 were positive for HIV ([table 2](#JCLINPATH2015203367TB2){ref-type="table"}). Of the eight HPV-positive SCC samples, five were also positive for HIV. Of the six HPV-negative SCC samples, four were also negative for HIV. The viral involvements in these SCC samples were therefore consistent with co-infections with HIV and HPV.[@R22]

###### 

Summary of macroH2A2 expression, clinical stage and viral involvement in the anal SCC samples

  macroH2A2   Stage   HIV   HPV
  ----------- ------- ----- --------
  \+          I       −     16
  \+          IV      −     --
  \+          II      −     16
  \+          I       \+    16
  −           II      \+    18
  −           IV      −     --
  −           I       \+    --
  −           I       \+    33
  −           III     −     16, 33
  −           I       \+    16
  −           III     −     --
  −           I       \+    16, 43
  −           II      \+    --
  −           II      −     --

The HPV genotypes are indicated.

HPV, human papilloma virus; SCC, squamous cell carcinoma.

As shown in [table 1](#JCLINPATH2015203367TB1){ref-type="table"}, only 4 of the 14 SCC samples were positive for macroH2A2 staining. Of those four samples, three were positive for HPV infection ([table 2](#JCLINPATH2015203367TB2){ref-type="table"}). As summarised in [figure 3](#JCLINPATH2015203367F3){ref-type="fig"}, the HPV-positive SCC samples were more likely to express macroH2A2. On the other hand, the HIV-positive SCC samples were less likely to express macroH2A2. With samples that were double positive or double negative for HPV and HIV, the probability of macroH2A2 expression was similar ([figure 3](#JCLINPATH2015203367F3){ref-type="fig"}).

![Summary of macroH2A2-positive samples segregated by human papilloma virus (HPV), HIV single and double infections among the anal squamous cell carcinoma cohort in this study.](jclinpath-2015-203367f03){#JCLINPATH2015203367F3}

Discussion {#s4}
==========

The association between macroH2A2 protein expression and tumour progression has previously been investigated in lung cancer and melanoma.[@R17] [@R18] Before this study, the role of macroH2A2 in AIN and anal SCC was unknown. We show here that macroH2A2 expression is lost in the majority of anal SCC, and that the loss of this histone is also significantly associated with high-grade AIN and faster recurrence. This result supports the concept that macroH2A2 is likely to have a tumour suppression function in anal neoplastic development. Similar to cervical cancer evolving from premalignant lesions (cervical intraepithelial neoplasia, CIN),[@R25] high-grade AIN, especially AIN III, is considered to be a precursor lesion to anal SCC. The malignant potential of AIN II has remained equivocal for it contains a mixture of low-grade and high-grade histological features.[@R20] In the literature, AIN II is mostly categorised into HSIL with AIN III,[@R20] [@R21] [@R26] [@R27] while others grouped AIN II with AIN I for treatment and follow-up policies.[@R27] [@R28] In this study, we found that macroH2A2 expression was retained in all AIN I and II samples and lost in 38% of AIN III and the majority of anal SCC samples examined ([figure 1](#JCLINPATH2015203367F1){ref-type="fig"}B). This result suggests that macroH2A2 expression may be used as an independent molecular criterion for assessing the malignant potential of AIN lesions for treatment and follow-up policies. Furthermore, larger studies are needed to validate our findings and confirm that there is no loss in patients with AIN I/II.

As discussed above, the macroH2A2 histone variant is found in nucleosomes at promoters and in intergenic regions of the chromatin.[@R13] Furthermore, macroH2A2 is enriched in the inactivated X-chromosome.[@R8] The current data strongly suggest that macroH2A2 functions as an inhibitor of transcription and it has been shown to suppress the expression of E2F-regulated genes.[@R10] [@R29] [@R30] It is well established that the HPV E7 oncogene can inactivate the RB family of pocket proteins to activate E2F.[@R31] In light of these facts, our finding that the majority of macroH2A2-positive anal SCC samples were also positive for HPV indicates that the inactivation of RB by E7 might be sufficient for activation of E2F-regulated genes despite the continued expression of macroH2A2. On the other hand, macroH2A2 loss in HPV-negative anal SCC samples may contribute to activation of E2F-regulated genes to promote tumour cell proliferation. In this regard, the preferential loss of macroH2A2 expression in HIV-positive SCC samples may be important to promote tumour development. Besides E2F activation, loss of macroH2A2 is likely to have a more global effect on gene expression promoting the development of anal SCC. The fact that macroH2A2 expression was also lost in the majority of AIN III suggests that inactivation of macoH2A2 is likely to be an early event in the malignant transformation of anal neoplasm.

There are a few limitations in our study. In situations where there is a low incidence of anal neoplasm,[@R34] [@R35] the number of patients is small and subject to be insufficient of statistical power in the difference of oncological outcome. On the other hand, this is a single-institution retrospective analysis with certain selection bias and divergent treatment. Further work would need to be done with larger cohorts in order to test the relationship between macroH2A2 expression and HPV or HIV status.

In conclusion, we present the association of histone variant macroH2A2 in the carcinogenesis of anal neoplasm. Positive macroH2A2 predicts the better recurrence-free survival in patients with AIN. Thus, there is a potential for macroH2A2 expression to be a prognostic biomarker of anal neoplasm progression and an additional criterion in the categorisation and follow-up policies of AIN treatment. Take home messagesThe macroH2A histone variants are encoded by two genes: H2AFY for macroH2A1 and H2AFY2 for macroH2A2, and have tumour suppressor function in lung cancer and melanoma studies.Significant correlation was noted between the loss of macroH2A2 expression and the progression of anal neoplasm from AIN I/II to AIN III and anal squamous cell carcinoma (SCC) (p=0.002).In patients with AIN, time to recurrence was significantly shorter in the macroH2A2-negative than the macroH2A2-positive group (p=0.017).Human papilloma virus (HPV)-positive SCC samples were more likely to express macroH2A2 and HIV-positive SCC samples were less likely to express macroH2A2.
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